A High Temperature Electrostatic Levitator for 1-g

Won-Kyu Rhim, Sang K. Chung, Danicl Barber, Kin 19, Man, Gary Gut,
Aaron Rulison', and R. Lrik Spjut!?

Jet I'repulsion laboratory, California Institute of Technology
4800 Oak Grove Drive, Pasadena, CA 91109

Abstract
Recent  developments in high temperature clectrostatic levitation
technology for containerless processing of metals and alloys is described.
This is the first demonstration in which metals and aloys can be levitated
and melted in vacuum. The superheating- undercooling-1-ccalescence
cycles can be 1¢ peated While maintaining good positioning stability.
Besides providing good positioning stability and an open sample view, the
present levitator is capable of varying sample temperatures without
affecting the levitation. This paper aso describes the general  architecture
of the experimental hardware and software, sample heating and charging,
and the opcrational procedure. ‘The system performance is demonstrated
by showing multiple superheating- undercooling -recalescence eycles in a
zirconium sample (1,= 2128 K). While the present levitator is oriented

toward ground-bascd opcration, it IS possible to extend it for app lications
IN microgravity.

1 NASA- NRC Resident Rescarch Associate
11 Department of Engincering, 1 larvey Mudd College, Claremont, CA

Introduction

The studies Of thermophysical propertics of undercooled liquid
states, nucleation kinctics, and the production of various mectastable phases
I N different materials often require the processing of materials in a
containcrless environment. The clectrostatic levitator deseribed in this
paper provides the capability of supcrheating, undercooling, and solidifying
metals and aloys in a clean (cont actless and high vacuum) and quicscent
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cnvironment. This levitator 1S an extension of the one previously
described? in whit% sample levitation was limited 1o low densi'y materials
at ambicent conditions,

The present high-temperature, high-vacuum, clectrosta ic levitator
(1£S1) has scveral important advantages over the clectromagnetic levitator
(1XM1.)2, the only alternative technique having similar capabilities: (i) The
1Sl1. can, in principle, levitate a bread range of matcrials, including mectals,
semiconductors and insulators. since maintaining a sufficient surface
charge on the sample IS the only requircment to generate a levitation
force. In contrast, materials that the EM]. canlevitate are limited primarily
to clectrical conductors. (ii) in an ¥SL, sample heating ant] levitation do
not interfere with cach other so that th ¢ sample temperature can be varied
over a wide range; Whereas the clectromagnetic field in an EML is
intrinsically Couplet] tosample heating, which limits the lowest
temperature it can attain for a given sample density. (iii) The ESL, through
cmployment of feedback control, provides quicscent positioning during
sample processing; whercas a molien sample levitated by an EMI, is
subjccted 110 strong internal flow which may causc severe shape distortion,
prevents accurate temperature measurements, an t1 perhaps causcs
premature nucleation, therefore preventing deeper undercooling. (iv) The
ESL. ] »wovides @ more open view; whereas the levitation ant] hinting coils in
an EML arc closcly wound around the levitated sample, scverely restricting
access 1o the diagnostic instr uments. 1 lowever, the ESL dots require
cither a high vacuum or a high pressure environment in order for a high
cleetric ficld to be applied without causing gas breakdown.

This paper describes the principles of clectrostatic levitation, the
experimential hardware and soft warn, sample charging, ant] the opcrational
procedure.  The system IS demonstrated by showing results of zirconium
undcrcooling experiments.

The Principles of Elcctrostatic levitation

Since a three-dimensional clectrostatic potential minimum dots not
exist (Barnshaw's thcorem3), clectrostatic sample positioning is only
possible With an actively cont rolled applied clectric field. In our system
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this was accomplished using a feedback-control whereby any deviation in
sample position from a preset position was automatically corrected. Fig. 1
shows a schematic diagram of an electrostatic levitator with one-
dimensional cont rol capability. It employs a single-axis position control
along the vertical direction to overcome the gravitat.ions| acccleration, g.
The error between the vertical position and the preset z-coordinate is
] »rocessed by a computer (according to afeedback algorithm) to generate a
control signal and apply it to the top clectrode to maintain the sample at
the preset position. The force-l~:llancc equation for levitation when the
sample IS positioned at the center of a pair of infinite parallel clectrodes is
given approximately by:

mg = QV/L, (1)

where m is the mass of the sample carrying a charge Qg, and V is the
voltage di fference between the two clectrodes separated by a distance 1..
Yor Qg = 0.69x10°° C, m=140 mg, and 1. = 10 mm, V is approximately -10
kV.

As explained in reference 4, theclcetrod e arran gement shown in
Fig. 1 provides a two- dimensional potential well in the horizont a direction
when it IS operated in the presence of a gravitational force on Earth, but
in the microgravity environment of space such a potential well dots not

cxist and the 1Sl would require a different clectrode arrangement and
cent rol method.

The Experimental Yardware

A schematic diagram oOf the p resent high temperature/high vacuum
electrostatic levitator is shown in Fig.2, and a photograph of the vacuum
chamber wWith a sample being levitated between a pair of clectrodes IS

shown in Fig. 3. The electrode assembly IS positioned at the center of the
chamber and all the nccessary cquipment for levitation, heating, and

diagnostics arc located around the chamber. ‘The chamber IS evacuated to
anultimatc vacuum of 5x 10-8 Torr by a vibration-free magnectically



suspended turbo-molecular pump (Osaka model “1’'1 1250M) backed by a
roughing pump (Daniclson mode] T1H 1 00).

‘The clectrode assembly used in the present levitator has {wo pairs of
side clectrodes surrounding the bottom clectrode (Fig. 4). Damping
voltages applicd on these side clectrodes prevent sample oscillation in the
lateral direction. The hole at the center of the bottom clectrode allows
across to the sample storage -manip ulation system located below the
clectrode. The sysiem can stem up t0 12 samples in a carouscl inside the
high vacuum ch amber. 1t contains a sample recovery system SO that if a
sample should drop out of the ISIL., it will land in a ceramic cone, roll 1o
the center, ant] from there can be lifted back to the ESL or lowered into
the carousdl. All of these actions can be accomplished while maintaining a
high vacuum in the chamber.

Two orthogonal 1leNe lasers (30 mW each) together with two
position detectors provide the 3-dimensional position information which is
uscd by the microcomputer to generate afeedback signal. A Macintosh 1ifx
computer and 12 bit A/D, D/A cards were used for data acquisition and
position control. The computer IS cquipped With a Motorola 50 Mllz
68030 microprocessor and 68882 floating point math copr ocessor. The
12, bit A/I> and n/A cards from National Instruments fit into the Nubus
inside the computer. 7The three position signals (produced by the two
orthogonall y-positioned detectors) arc fed into the computer through an
A/D card, and after going through the control routine the three output
signals arc sent to the high voltage amplifiers through a li/A card. The
position scnsitive detectors (1 IAMAMATSU mode] €2399-01) arc
commercially available. This type of detector IS normally used for sensing a
bright image on a dark background. In this system, however, due to the
xenon lamp light (uscd for heating) which brightly illuminates the chamber
and the sample, thcy arc being used in a reversed m ode (dark image on a
bright background). This was accomplished by adding a collimated 1 JeNe
laser beam in the background and attaching a matching narrow band filter
in front of the dctector to pass only the light of the laser wavelength while
stoppring the light coming from the Xenon lamp. The computer converls
the dctector output to the actual sample position,

Samplec heating 1S providedby a 1 - kilowatt UV - rich high-pressure
xenon are lamp (11.C, model 1.X 1000CF). The radiation produced by the
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bulb is roughly collimatedinto a$ ecm beam by a parabolic reflector at the
back of the bulb housing. The beam is then focused by a 7.5 em foca length
fused quartz lens into a small spot in order to maximize the light flux on
the sample. Since the beam originates froma finite discharge gap between
the anode and the cathode and not from a point source, the focused spot
size could not be reduced to Icss than 5 mm. Fused quartz was uscd in
order to transmit thec UV componcent of the xenon beam for sample
charging via the photoclectric effect. (Sample charging by uv will be
desceribed liclow,) A fused quartz mirror, 7.5 cm both in diameter and in
radius of curvature, is placed opposite the lens, This mirror collecets Most
of the xenon light beam that misses the sample. The temperature of a 2.5
mm diameter zirconium sphere could be varied from room temperature 1o
22770 K by adjusting the iris in front of the xenon lamp. Without the
mirror, the maximum temperature could not exceed 1750 K.

The sample temperature was mcasured using a home-bui]t single-
color pyrometer which was constructed and calibrated according to the
preseription provided by Ilofmeister et a. °. The pyrometer Collects the
radiative power emitted by a well-clcfind arca on the sample surface into a
certain solid angle and over a small wavclength range (1 0 nm band width
at 658 nm wavclength).  Given certain assumptions about the sample’s
directional spcctral emissivity, the collected power can be converted o
sample temperature through Planck’s equation for the spectral distribution
of cmissive power if the pyrometer output corresponding to onc
temperature 1S known, typically at the sample melting point. For
zirconium, the rapid increase in temperaturc to the melting point as a
result of recalescence provides an easily rccognized reference point,
allowing the temperature t0 be calculated a posteriori for the entire
undercooling experiment. Data acquisition was by a Macintosh 11 computer
with @ National Instruments A/D converter.  The driving software
automat ically recognizes t he reference t emperat ure, 1., by Searching for
the rapidincrease in the pyrometer output associated with rccalescence.
1t then calculates the temperature for the entire experiment and provides
a plot of temperature versus time.  The pereentage of undercooling and
other important paramecters arc aso computed and displayed.

A closc-up view of thesample was videotaped during the
experiments using a camera With a telephoto lens.

5




The Position Control Software

The architecture of the position control softwarc is shown in Fig. 5
in a flow-chart format. The software is divided into two groups:
FOREGROUND and BACKGROUND. The foreground tasks consist of the
scrvo control and the data collection that require synchronized operations
with highest priority. The background tasks consist of a uscr interface,
inputs from a kecyboard and mouse, and graphics, which are given
secondary priority. Data files can also be ercated and saved onto the hard
drive through the background mode. These two modes of operation are
madec possible by the use oOf the interrupt request capability of the
Macintosh computer. When an interrapt signal IS issued (from an external
programmable pulsc generator) the computer sets aside background
routines, stores the present state of its registers into memory, and
launches the foreground routine. During the foreground routine, the
position information is collected from an A/n, the control algorithm is
computced, a proper servo control value is sent out through ab/A, and a
single frame of data is colleccted INto a specificd memory buffer. After the
foreground routine is successfully exccuted, the computer recaptures its
previous register values and continues with its background task, ‘rhis
process IS set into a continuous loop with an interrupt frequency of 480
11

The vertical axis servo control utilizes the commonly used PID
(Proportional, Integral, Derivative) algorithm®.  Since the horizontal planc
has a passive potential minimum it dots not normally require an active
fcedback control. in vacuum, however, there is no gas medium to damp
out horizontal oscillations, so a horizontal controller, consisting of two sets
of side clcctl.odes, was used to providelateral damping, The vertical
cont rol IS exccuted N every loop whercas the horizontal control is
exceuted ten times slower, 7The actual stability of the sample has been
found to depend strongly on vibrations from the floor. A stability better
than 20 pm was achieved for a 3 mm sample with a specific density of 8,
carrying a constant charge.

The user interface consists of keyboard and mouse inputs and a
graphics display. The keyboard and mouse arce used for entering scrvo and

6




other nceessary parameters for proper data acquisition, 1t can, thercfore,
interrupt the loop atany time. although the servo-loop has a high priority.
The graphics display consists of sample positions, control voltage outputs
and temperature readings (Fig.6). Th e programs were writt en in the 'C'
language except the interrupt handler routine which was written in
assembly Code.

Sample Charging

Sample charging is a critical part, of clectrostatic positioning. The
amount of charge on the sample su].face determines the positioning force
that can beimparied on the sample with a given electrostatic ficld. Three
charging methods that are relevant during different phases of processing
have been employed: capacitive, photoclectric and thermionic charging.

a. Numerical Analysis of Capacitive Charging

A genceral-purpose three-dimensional computer mode] was created
to determine the potential, charge. and force distributions on a sample in
an clectrostatic levitator. Since an analytical solution of this system with
arbitrary sample and clectrode geometrics IS impractical, this modcel uses a
numerical finite-diffcrcncc appl.each. The potential and charge
distributions are Obtained using a Multigrid Method sol ver? and the forces
on the sample arc derived from these distributions. This mode] alows us
to evaluate and optimize different electrode configurations for the levitator.

The relationships between the parameters (c. g. sample size, position,
density, charge. forces, and elect].odc potentials) that are obtained from
this modecl are shown inFigs. 7 and 8 to give some insights into this
system.In al of the cxamples the levitator consists of circular top and
bottom disk clectrodes, scparated by 8 mm, with the top clectrode
connceted to a 1 1V amplifier while the bottom clectrode is grounded. The
sample was assumed to be spherical (see Fig. 9(a)).

I5ig, 7(a) shows the top cleetrode potential as a function of sample
density anddiam at the moment of launch. The corresponding induced
charge on the sample is shown in Fig. 7(b). The top clectrode potential
nceded to levitate the sample midway between the electrodes IS presented
in Fig. 8, where the sample is assumecd to have rctained the charge
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acquircd at launch. 1ror example, a sample with a density 10 and diamcter
3 mm which is initially placed at the center of the bottom clectrode (g,
9(a)) will jump off the bottom clectrode when the top clectrode voltage
rcaches ~ -14,5 kV (from Fig. 7(a)) and carry an induced charge of -0.8 nC
(from Fig. 8), and when the sample is levitated midway between the
clcctl-odes the voltage will be -- -13 kV (from Fig. 7(1)).

b. Qualitative Analysis of Photoclectric, Thermionic, and Surface lonization
Charging

When a cold sample is launched with initial charge Qg it requires a
levitation vollage given approximately by Egn. (1). However, V is subjected
to change as Qg changces. In fact this is what happens when the sample is
subjected to the various charging mechanisms mentioned above. When the
samplcis heated by a focused xcnon lamp beam, the UV component cjects
clectrons not only from the sample but aso from surrounding materials as
a result of reflection and scattering. Surface ionization of outgassing
materials® causes loss of sample charge. Thermionic emission of electrons
occurs al clevated temperatures.  The equilibrium charge of a levitated
sample is established through the balance of electrical currents flowing
between the sample and clectrodes.

Consider the case in which the sample has rcached a steady-state
temperature and is Bositional between the top clectrode (at a negative
potential V) and the bottom clectrode (grounded). A current L, (taken to
be positive for clectrons leaving the sample) flowing from the sample to
the bottom clectrode may be expressed by

N
A

Ip = - VIR (

where V_is the sample pole.nlia] and R, Is defined as the equivalent
resistance for flow of charge from the sample to the bottom clectrode; R,

dcercases With increasing xenon lamp intensity. 1t aso decrcases with
increasing sample temperature due to thermionic emission of electrons.

Similarly, the current flowing from the top clectrode to the sample
(taken tobe positive for clectrons leaving the top electrodce) is



Ly = (Vg VIR (3)

where R | is dcefined as the cquivalent resistance for flow of current from
the top clectrode to the sample; R deercases With increasing xenon lamp

intensity and increasing positive surface ionization of outgassing matcrials.
The present situation may be represented by an equivalent
resistance- capacitance circuit (ig. 9(b)) where C,, and C;, arc the mutual
capacitances between the sample and the top and the bottom clectrodes,
respectively. Therefore, the sample charge is given by
Qg = Qp Qu
= ¢V - Cy(V-Vy)
= (Cp4C Vg - CyV. (4)

where Q, is the charge on €, and Q,, is the charge on C,,. If the sample is

spherical and has ¢ stabli shed a steady state charge while it is levitated
midway between the clectrodes (so that ¢, = C,, =€), then the solutions of
the cquiva.lent circuit for the sample charge, Qq,, and the required
levitation voltage, Vf, arc given by:

Qus” = mgl .C 1 (x, (5)
140
and,
v = DE o (6)
wit h
o Ry/Ry, . (7)

These two equations are plotted in ¥ig. 10. Notice that the sample charge
holds its largest value, Vingl.C, whena= (), requiring the lowest cleetrode
voltage, and the sample holds no charge if a: 1, requiring an infinite
clectrode voltage. ‘) his nmeans that in order t0 maintain a sufficient charge
for levitation, onec must control R and R, S0 that o is ‘sufficiently small’.

At high temperature the thermionic emission dominates, thus easily
satisfying this requirement. Thercfore, the major concern for sample
levitat 10N may arisc in the lower temperature range where thermionic
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emission is insignificant and the samplc charging depends solely on the
rclative magnitude between the (charging) photoelectric current and the
(discharging) surface ionization currents. The effect of outgassing can be
reduced by alowing more gradual outgassing as the sample temperature is
raised morc slowly.

Opcrational Procedure

Upto 12 clean samples were loaded into the sample storage carouscl
and the chamber cvacuated to -1()-]'1'0l'l. The position control sofiware
was turned 0N and the appropriate set position and 1°G, 11~~, and 1G gains
were keyed in. A ‘Trek 20 kV amplifier (mode] 620A) was used for the z-
axis control and two Trck 10 kV amplifiers (model G09A) were used for
the x-and y-axis clamping. As soon as the top clectrode recached a
threshold voltage the sample Jumped away from the bottom clectrode
toward the sct position. Minor adjustments to the gains and set point were

then made to establish the most quicscent levitation conditions. The
stability was typically better than 20 jun at this point.

Theirisin front of the xenon lamp was then opened gradually while
the levitation voltage was being monitored. Changes in the sample charge
were manifested by corresponding changes in levitation voltage according
to Egqn. (1), If a substantial charge dccrcasc occurred, the iris was adjusted
SO that the required cent)-0] voltage remained within the range of the high
volt age amplificrs (120 kV in Ibis case), As thesample charge changed
during heating. the control gains were frequently adjusted in order to
maintain the best position stability.

System Performance in an Undercooling Experiment,

Once the sample melted and rcached the desired su])cr-heated
temperature, it was ready for an undercooling experiment. in a vacuum
cnvironment the change in internal energy of the sample IS cqualto the
difference between the heat arriving from the xenon beam and that lost
duc to radiation:
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PVC,dT/dl = Qy, - Aoe, (17 - 1Y), (8)

where p is the sample density, V is the volume, C,, is the heat capacity, Qin
is the heat ducto the beam, A is the samplc surface area, o is the Stefan-
Boltzmann constant, ¢, IS the total hemispherical cmissivity, “1' is the
sample tempcrature, and ‘I’, is the background temperature. This

formulation assumes that the background acts as a blackbody, which is true

in most cases where the sample chamber is much larger than the sample.
‘The steady state temperature, Ty, IS then given by:

Tr=(Qu/hoci TN /1, (9)

If the xenon beam is turned off, then Q= 0in Egn. (8), and Iy will decay
to“l’, ducto radiative cooling. Jig. 11 shows a photograph of molten drop
of zirconium (density= 6.49 g/cm3) being levitated at ‘I-f = 2250 K (1 20 K
above its melting tem perature) in the presence of a heating beam. The
sample diameter was approximatcly 2.3 mm. The highlight spots seen on
the sample disappcared when the beam was turned off. ¥ig. 12 shows a
temperature versus time curve of the same sample when the heating beam
was suddenly removed at the sample temperature of 2250 K. 1 3cfore the
beam was removed the Pyrometer was strongly influenced by reflected
radiation, showing a high level of noise as seen at the beginning of the
curve. Therefore, the temperature reading 1S inaccurate while the lamp is
on. As soon as the beam is blocked the sample underwent radiative cooling
according to Eqn. (8) (with @Q,;,= O) until reccalescence occurred.
Recalescence is marked by a sudden incrcase in temperature to its melting
point as the sample releases its latent heat. The liquid-solid coexistence
period lasted for approximately 0.3 seconds before the sample
temperature decayed again. The data presented in this figure was obtained
by digitizing the pyromecter output at 1 k] 1z.

Since ('J‘/'l‘b)'1 >10°% during the undecrcooling period, onc can
integrate 1gn. (8), assuming ‘I’ ;= O and pvC,,/3A0¢, = constant, to give:

t -1, (pVCp/SAoz:.].) (T, S.9y, (1o)
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where T, is the sample temperature at t = {,. A plot of 1 vs. T3 is shown
in Iig. 13 confirming a linear rclationship.

The ESL allows convenient repetition of the supcrheating-
undercoolin g-recalescence cycle. This allowed the undercooling
temperature for the same 2.3 mm sample of zirconium to be measured for

over 100 cycles in about two hours. Fig. 14 shows the normalized
cumulative distribution of nucleation events (n_/N,) versus the percentage

of undercooling.

Summary and Discussion

A high-temper aturc/high-vactium electrostatic levitator has been
constructed for contain erless materials processing, An undercooling
experiment with a zirconium sample clearly demonstrates the capability of
the system to levitate a dense material stably at high temperature. We have
also demonstrated a control of temperature without affecting the position
stability, and an open view of the sample for diagnostic measurements.
These capabilitics will enable a wide range of experiments, which were
hitherto impossible, to be conducted on the ground.

So far we have successfully melted and solidified numerous sample
materials, including (melting temperaturces are shown in parenthesis): in
(157 °C), Sn (232 °C), 13i(27 1.44 °C), Pb (327 °C), In0.69w%Sh (492.5 °C),
Al (670 ‘C), Ge (938C °C), Cu (1 083 ‘C), Ni (14155 ° ¢), ant] zr (1 855 ‘C). In
the case of zirconium wc have completed more than 400 quantitative
undecrcooling experiments.  1lowever, WC have not yet demonstrated the
capability of Processing non- conducting sample materials, an area which
we planto investigate in the near future. Wc have also limited the
processing environment only to high vacuum which has the advantage of
ensuring better sample cleanliness. llowever, for more volatile sample
matcrials @ gascous environment may be more desirable. The heaviest
sample that an electrostatic levitator can levitate will belimited by the
breakdown voltage of the medium, but this problem will be aleviated in a
reduced-g environment where the control voltage can be reduced by
several orders of magnitude.

Onc important practical lesson we have lcarned is that in order to
conduct a successful experiment one must begin with a clean sample (with
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reduced volatile contents) and heat it slowly until it reaches thermionic
temperatures.

The levitator describe in this paper is primarily for Earth-b -bascd
app lications. It can, however, be readily converted for operation in a
reduced-g cnvironment.  The isotropic force cnvironment of space
suggests that an clectrode assembly having a tetrahedral symmetry with
four spherical clectrodes is preferable’. A lesser control force required in
space may alow the possibility of operating in a gaseous environment. The
design of a system specifically for space application is currently underway.
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Fig. 1,

¥ig. 3.

Fig. 4.

Fig. 5.

Figure Captions

Schematic diagram of an electrostatic levitator in which the
sample position is actively controlled only along the vertical
direction. I rclics on a two-dimensional potential well for
centering in the lateral direction.

Schematic diagram of the high temperature-high vacuum
clectrostatic levitator designed for grouncl-based applications. 1 is
the sample, 2 is the clecti ode assembly, 3 is the focusing lens, 4 is
the spherical reflector, 51> and 61> arc the position dectectors, 51.
and 6l. arc the lle-Nc lasers, 7 is the 1 -kW xenon lamp, 8 is the
viclco-camera with a telephoto lens, and 9is the pyrometer.

1 hotograph of the vacuum chamber with a sample being levitated
between the clectrodes.

Schematic diagram of the clectrode assembly (side and top views),
where 1 is the sample, 2 is the top clectrode, 3 is the bottom
clectrode, 4's arc the side clectrodes, and 5 is the hole which
allows access {o the sample storage system.

¥low chart of the position control software.

Fig. 6. User interface display used in the present levitator. The cubical

box represents the space between the clectrodes in which the
sample (the gray dot) moves in scarch of the set-point (the black
dot) by feedback control. The status column displays the sample
position, applicd high vo] t ages, and the samplc temperature. The
control parameter column shows the control parameter inputs.
The sample position, the control voltage, and the sample
temperature arc aso displayed in the form of oscillograms.

Fig. 7. (@). Top clectrode voltage at the moment of launch versus sample

density a three sample diameters. Separation between the top and
bottom clectrodes is 8 mm.
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(b). Sample charge at the moment of launch versus sample density
at three sample diameters.

Fig. 8. 7Top electrode voltage nceded to levitate the sample midway
beiween the electrodes. The sample charge is assumed to be the
same as at launch.

Fig. 9. (@) Electrode and sample arrangements used in the numerical
modecling of the initial ‘cold’ levitation. (b) The equivalent R-C
circuit, which was used to model the dynamic sample charging
process under UV irradiation.

Fig. 10. The stecady state sample charge and the required levitation voltage
versus o. 1t was assume that the sample has a spherica shape and
that the stcady state charge has been established while it is
levitated midway between the clectrodes.

Fig. 11. A photograph of a molten zirconium sample (2.3 mm diameter)
being levitated at 2250 X.

Fig.12. Temperature Versus time as a superheated zirconium drop
undergoes radiative cooling.

Fig.13. Time versus T °of the undercooling segment (between 0.3 - 1.6
see) shown in Fig. 13.

IFig. 14. Normalized cumulative distribution function versus percentage of
undercooling for a 2.3 mm diameter sample of  zirconium.
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